Amyloid ␤-protein (A␤) assemblies are thought to play primary roles in Alzheimer disease (AD). They are considered to acquire surface tertiary structures, not present in physiologic monomers, that are responsible for exerting toxicity, probably through abnormal interactions with their target(s). Therefore, A␤ assemblies having distinct surface tertiary structures should cause neurotoxicity through distinct mechanisms. Aiming to clarify the molecular basis of neuronal loss, which is a central phenotype in neurodegenerative diseases such as AD, we report here the selective immunoisolation of neurotoxic 10 -15-nm spherical A␤ assemblies termed native amylospheroids (native ASPDs) from AD and dementia with Lewy bodies brains, using ASPD tertiary structure-dependent antibodies. In AD patients, the amount of native ASPDs was correlated with the pathologic severity of disease. Native ASPDs are anti-pan oligomer A11 antibody-negative, high mass (>100 kDa) assemblies that induce degeneration particularly of mature neurons, including those of human origin, in vitro. Importantly, their immunospecificity strongly suggests that native ASPDs have a distinct surface tertiary structure from other reported assemblies such as dimers, A␤-derived diffusible ligands, and A11-positive assemblies. Only ASPD tertiary structure-dependent antibodies could block ASPD-induced neurodegeneration. ASPDs bind presynaptic target(s) on mature neurons and have a mode of toxicity different from those of other assemblies, which have been reported to exert their toxicity through binding postsynaptic targets and probably perturbing glutamatergic synaptic transmission. Thus, our findings indicate that native ASPDs with a distinct toxic surface induce neuronal loss through a different mechanism from other A␤ assemblies.
Parkinson disease, prion diseases, and the polyglutamine diseases, arise from abnormal protein interactions in the central nervous system (1) . In these diseases, complex multistep processes of protein conformational change and accretion produce various nonfibrillar assemblies, leading finally to fibrils (1) (2) (3) (4) (5) . Recent studies have suggested that the early assemblies in this process might be the most toxic, possibly through the exposure of buried moieties and the formation of surface tertiary structures not present in physiologic monomers (6) . These surface tertiary structures could mediate abnormal interactions with other cellular components (1) .
In AD, extensive studies have suggested that accumulation of amyloid ␤-protein (A␤), a physiologic derivative of amyloid precursor protein (APP), plays a primary pathogenic role (7) (8) (9) . Various forms of assemblies ranging in mass from dimers up to multimers of ϳ1 MDa have been reported as neurotoxins (10 -13) as follows: protofibrils (14) ; dimers/trimers (natural low-n oligomers) (15); 3-24-mer A␤-(1-42) assemblies termed A␤-derived diffusible ligands (ADDLs) (16); 12-mers termed globulomers (17) or A␤*56 (18) ; 15-20-mer A␤ assemblies termed A␤ oligomers (A␤Os) (19) ; and 150-mer or higher assemblies termed ␤-sheet intermediates (20) . Whether or not they share a common surface, the tertiary structure responsible for toxicity remains unsettled; some of these assemblies are detected by specific antibodies (17, 21) , whereas others are detected by a polyclonal A11 antibody (18, 19) that is reported to recognize epitopes associated with a certain oligomer state of amyloids regardless of their amino acid sequence (22) . However, these assemblies, which differ in origin, mass, and toxic activity, mostly bind to postsynapses, leading to synaptic impairment (17-19, 23, 24) . They are also suggested to play a role in synaptic impairment in AD model mice carrying human APP (17, 18, 25) , which retain early features of AD such as amyloid plaques, synaptic loss, and mild memory deficits (26, 27) . These observations collectively suggest that these assemblies play a role in AD pathogenesis by causing synaptic impairment. On the other hand, it remains largely unknown how, after the synaptic impairment, these assemblies cause subsequent neuronal loss in human AD brains. One reason is that no overt neuronal cell loss has been observed in most APP transgenic mice (except APP23 mice (28, 29) ), even in the presence of these assemblies (26, 27) . Another reason is that, as for the nonfibrillar A␤ assemblies actually present in human AD brains, A␤ dimers that induce synaptic impairment and not neuronal loss were recently isolated (30) , but A␤ assemblies that directly cause neuronal loss have not yet been isolated either from AD patients or from the mice. Because soluble fractions of brains from humans with AD have been reported to contain A␤ assemblies ranging in size from dimers to polymers larger than 100 kDa (31) , which appear to correlate with dementia (32, 33) , A␤ assemblies responsible for neuronal loss might be present in the soluble fractions of AD brains. As has recently been shown clinically and diagnostically (34 -37) , neuronal loss plays an important role in cognitive deterioration of AD patients, so we aimed to isolate toxic A␤ assemblies from the soluble fractions of AD brains.
As a first step to isolate such A␤ assemblies in vivo, we have previously prepared highly toxic spherical A␤ assemblies termed "amylospheroids" (ASPDs) in vitro (38) . Notably, ASPDs are considered not to be intermediates in the pathway leading to fibrils, because ASPDs were not incorporated into mature fibrils and continued to exist after fibril formation (13, 38) . They also differ from protofibrils and ADDLs in morphology and size (11, 13, 38) .
Here, we generated ASPD tertiary structure-dependent antibodies and used them to selectively immunoisolate a human counterpart of ASPDs (native ASPDs) from patients with AD or dementia with Lewy bodies (DLB). To distinguish native ASPDs from in vitro-produced ASPDs, the latter is hereafter referred to as synthetic ASPDs. Native ASPDs are A11-negative, high mass A␤ assemblies that induce degeneration of human neuronal cells in vitro, particularly those with mature character, and they differ in mass, surface tertiary structure, and neurotoxicity mechanism from other reported nonfibrillar A␤ assemblies (summary in supplemental Table S1 ).
EXPERIMENTAL PROCEDURES
A␤ Source-A␤-(1-40) peptides were synthesized using N-(9-fluorenyl)methoxycarbonyl (Fmoc) chemistry on an Applied Biosystems model 433A peptide synthesizer and purified (38) . Their structure and purity were confirmed using quantitative amino acid analysis, analytic high pressure liquid chromatography, and matrix-assisted laser desorption/ionizationtime-of-flight/mass spectrometry (MALDI-TOF/MS; Ultraflex II, Bruker Daltonics). The purified A␤-(1-40) was lyophilized, dissolved in 35% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid (ϳ50 nmol/tube), and lyophilized. This step was repeated twice. A␤-(1-42) peptides (25 mg/ampoule; Bachem lots 0552992 and 1000255) were completely dissolved in ϳ54 ml of 1,1,1,3,3,3-hexafluoro-2-propanol (Aldrich) by incubating the peptide solution overnight at 4°C and then for 3 h at 37°C and finally lyophilized (ϳ40 nmol/tube). This step was repeated two or three times. The lyophilized peptides were kept at Ϫ20°C.
Preparation and Purification of Synthetic ASPDs-Synthetic ASPDs were prepared in vitro either from 50 M solution of A␤-(1-40) (0.5ϫ Dulbecco's phosphate-buffered saline without Ca 2ϩ and Mg 2ϩ (PBS); Nissui Pharmaceutical Co. Ltd.) or of A␤-(1-42) (either 0.5ϫ PBS or F12 buffer without L-glutamine and phenol red) by slowly rotating the solution (5-7 days for A␤-(1-40); 14 h for A␤-(1-42)), as described previously (38) . At concentrations below a critical fibril-forming concentration (ϳ100 M) (39), spherical A␤ assemblies (5-20 nm in diameter for A␤-(1-40); 5-25 nm for A␤-(1-42); Ͼ85% 10 -15 nm spheres), with rare fibrillike structures, were usually produced. The most toxic ASPDs (prepared either from A␤-(1-40) or A␤-(1-42)) were previously identified as 10 -15-nm spheres recovered by glycerol gradient centrifugation in the fraction migrating near the thyroglobulin (669 kDa) standard (38) . Further analysis of standard proteins using this glycerol gradient sedimentation assay revealed that the mass of the most toxic ASPDs is approximately equal to that of aldolase (158 kDa) but does not exceed that of thyroglobulin (669 kDa). 3 Therefore, the most toxic ASPDs were purified as retentates by using 100-kDa molecular mass cutoff filters (Ultrafree-MC, Millipore) to remove lower mass A␤ assemblies. In some experiments, including mature neuron-binding assays, the most toxic ASPD fraction was also purified by two-step filtrations (see Scheme 1). Studies using transmission electron microscopy (TEM) revealed that 10 -15-nm spheres were predominantly recovered in the most toxic ASPD fraction (termed "158 -669-kDa ASPDs") that passed through 0.22-m filters but were retained on 100-kDa molecular mass cutoff filters (data not shown). Although these 10 -15-nm spheres were hardly detectable in 100-kDa filtrates, smaller particles with a diameter of 5-6 nm were present in 100-kDa filtrates. A very small amount of 10 -15-nm ASPDs was also present in 0.22-m retentates because they remained bound to the filter (data not shown). These TEM observations were in good agreement with the results of dot blots and toxicity assays shown in Fig. 1A . Quantitative amino acid analysis revealed that generally ϳ25% of total A␤ was recovered as 158 -669-kDa ASPDs. Synthetic ASPDs were prepared every week, and their quality was confirmed using dot blotting, TEM, and toxicity assays. A␤ concentration of each preparation was deter-mined every week by quantitative amino acid analysis (Waters AccQ-Tag system) (38) .
Preparation of A␤ Monomers and Fibrils-To prepare monomers, A␤-(1-40) or A␤-(1-42) lyophilizates were solubilized to 50 M in 1,1,1,3,3,3-hexafluoro-2-propanol. The solution was incubated for 30 min at room temperature and then centrifuged at 20,400 ϫ g for 30 min at 4°C, and the upper 90% of the supernatant volume was collected. The monomer concentration was determined by means of quantitative amino acid analysis (38) . To produce fibrils, A␤-(1-40) was dissolved at a concentration of 100 M in 0.5ϫ PBS, pH 3.5. This solution was incubated without agitation at 37°C for 2 days, after which fibrils were separated from the monomer and low mass A␤ assemblies by filtration through 100-kDa molecular mass cutoff filters. Large amounts of fibrils without ASPDs were detected reproducibly by TEM. The fibril concentration was determined by means of quantitative amino acid analysis (38) . To obtain different types of fibrils for immuno-TEM analysis, fibrils were also produced by slowly rotating the above A␤-(1-40) solution or by dissolving A␤-(1-40) at a concentration of 350 M in PBS, pH 7.5, followed by incubation for 5-7 days at 37°C, with or without slow rotation (38) .
Preparation of A␤ Oligomers for A11 Antibody-A test membrane, on which soluble A␤ oligomers (termed A␤Os) and A␤ fibrils (1-3 g/dot) were spotted, was produced by Dr. C. Glabe (University of California, Irvine) according to reported methods (22, 40) . This test membrane was kindly provided by Invitrogen as a positive control for A11 antibody.
Preparation of ADDLs-ADDLs were produced as described previously (16) . A␤-(1-42) lyophilizates were solubilized to 5 mM in DMSO, diluted to 100 M with F12, and incubated for 24 h at 4°C. The solution was centrifuged at 14,000 ϫ g for 10 min at 4°C, and the supernatant was collected. These ADDL preparations were further purified by obtaining the flow-through fraction of 100-kDa molecular mass cutoff filters as described (21) .
Human Brain Extracts-The Bioethics Committees and the Biosafety Committees of Mitsubishi Kagaku Institute of Life Sciences, Niigata University, and Kyoto University approved all experiments using human subjects. Freshly frozen brains obtained at autopsy were homogenized to 0.15 g/ml in an ice-cold extraction buffer (either 20 mM Tris-HCl, pH 7.6, 137 mM NaCl, or F12 buffer without L-glutamine and phenol red, containing 1 mM EDTA, 1 mg/ml pepstatin, and complete protease inhibitor mixture (Roche Diagnostics)) using a Potter Teflon/glass homogenizer. Soluble fractions were collected as the supernatant following centrifugation at 104,300 ϫ g (TLA100.4) at 4°C for 1 h. SDS-extractable insoluble fractions were obtained from the pellet by homogenizing in 2% (w/v) SDS and by 1-h gentle shaking at 37°C, followed by centrifugation for 1 h at 10°C. Formic acid-extractable fractions were obtained by homogenizing the SDS pellet in 70% formic acid, followed by centrifugation for 1 h. Approximate protein recoveries were 10% for soluble fractions and 90% for insoluble fractions. The possibility of artificial generation of ASPD-like structures from A␤-(1-42) monomers or of destruction of ASPD-like structures during the extraction procedures was excluded (data not shown). More details are given in the supplemental Experimental Procedures.
Immunoprecipitations (IP)-To remove other assemblies (Ͻ100 kDa), soluble extracts from AD or NCI brains were concentrated using 100-kDa molecular mass cutoff filters (Millipore). This process was repeated until we obtained AD-derived 100-kDa retentates that contained native ASPDs at ϳ10 -20 M; this was verified by dot blotting using rpASD1. IPs were performed using an immunocapturing kit 100 MB-IAC Prot G (Bruker Daltonics), according to the manufacturer's instructions, except that 3% (w/v) bovine serum albumin (Sigma A7030) was used to suppress nonspecific binding. Monoclonal ASD antibodies (haASD1 or mASD3) were used for the immunoisolation because of their high affinity for ASPDs. Captured proteins were eluted using Gentle Elution buffer (Pierce), because ASPDs retained their structure and toxicity (ϳ100%) after a 60-min exposure to this buffer. The amount of native ASPDs in eluates was immediately examined by dot blotting with polyclonal rpASD1, a suitable antibody for dot blot analysis. Details are given in supplemental Experimental Procedures.
Other Methods-Preparation and screening of ASD antibodies, dot blotting, Western blotting, TEM and immuno-TEM examinations, surface plasmon resonance by Biacore and competitive enzyme-linked immunosorbent assay experiments, pathologic examinations of human brains, Tg2576 mice experiments, toxicity assays, immunocytochemistry, human neuronal cells, and monkey neural progenitors and neurons, as well as statistics, are described in supplemental Experimental Procedures.
RESULTS

Production and Characterization of ASPD-specific Antibodies-To isolate native
ASPDs from AD patients, we raised antibodies against ASPDs in 6 rabbits, 43 mice, and 10 hamsters. As an immunogen, synthetic ASPDs were prepared in vitro from 50 M solutions of A␤-(1-42) by slowly rotating the solutions for 14 h (38); they included spherical A␤ assemblies of 5-25 nm (Ͼ85% of them were 10 -15-nm spheres). IgG-class antibodies were purified and named "ASD antibodies," with prefixes indicating the source (rabbit polyclonal as rpASD1; hamster monoclonal as haASD1; mouse monoclonal as mASD3).
We examined the reactivity of ASD antibodies against the most toxic synthetic ASPD fraction separated as follows. Because the mass of the most toxic 10 -15-nm ASPDs is almost equal to that of 158-kDa aldolase but does not exceed that of 669-kDa thyroglobulin in sedimentation analysis (38) , synthetic ASPDs were further size-separated by means of two-step filtrations (see Scheme 1 under "Experimental Procedures") to concentrate the most toxic 158 -669-kDa ASPDs in fraction b, the fraction that passed through 0.22-m filters but was retained on 100-kDa molecular mass cutoff filters. As expected, 158 -669-kDa ASPDs recovered in fraction b included 10 -15-nm spheres, as determined by TEM observation (data not shown), and were confirmed to be the most toxic species in toxicity assays (Fig. 1A) .
Importantly, rpASD1 specifically detected the 158 -669-kDa ASPDs in fraction b in dot blotting but had little or no cross-reactivity to fraction a 0.22-m retentates or fraction c 100-kDa filtrates containing monomers and 5-6-nm particles, which are strongly detected by anti-pan A␤ 6E10 antibody (Fig. 1A) . We also confirmed that rpASD1 did not cross-react with ADDLs (supplemental Fig. S1A ). These results indicated that rpASD1 recognizes an epitope that is associated with the most toxic ASPDs but not with ADDLs.
We further characterized rpASD1 and the other ASD antibodies using the most toxic 158 -669-kDa ASPDs. As shown in but had very low or no cross-reactivity to sAPP␣ (human secreted form of APP), A␤ monomers, or A␤ fibrils, whereas 6E10 equally detected all these A␤ species and sAPP␣ (Fig. 1B) . Consistent with this, ASD antibodies detected 10 -15-nm spheres in the 158 -669-kDa ASPDs but did not react with fibrils as observed with immuno-TEM under mild fixation conditions (Fig. 1C) . In accordance with their ASPD preference in dot blots and immuno-TEM, the ASD antibodies showed the highest affinity for the 158 -669-kDa ASPDs (K d 10
Ϫ12
-10 Table 1 ), rather than for A␤ monomers, fibrils, or sAPP␣ (supplemental Table S2 ). These results demonstrated ASPD specificity of all the ASD antibodies. As described above, A11 antibody is a pan-oligomer polyclonal antibody that recognizes epitopes associated with an oligomer state (18, 19, 22) . To our surprise, this anti-pan oligomer A11 antibody failed to detect the 158 -669-kDa ASPDs (Fig. 1B) . These results strongly suggested that epitopes recognized by the ASD antibodies are associated with the tertiary structure of ASPDs, which differs from that of A11-positive oligomers, such as A␤*56 and A␤Os, and from that of fibrils. To further elucidate the epitope specificity, we performed epitope mapping by means of competitive enzyme-linked immunosorbent assay using a series of pentapeptides covering the entire A␤-(1-42) sequence. As summarized in Table 1 , no single pentapeptide could compete out binding of the ASD antibodies to the 158 -669-kDa ASPDs, suggesting that different A␤ regions exist in close proximity within ASPDs to form ASPD tertiary structure-dependent epitopes that are not present in a single A␤ monomer (supplemental Fig. S1B ). The ASD antibodies produced only weak or no bands in Western blots under denaturing conditions (data not shown), as would be expected from the fact that they recognize ASPD tertiary structure. We finally examined whether the ASD antibodies are available for detecting ASPDs bound to mature neurons, because we have previously shown that synthetic ASPDs directly induce neuronal cell death, possibly by binding to neuronal cell surfaces (38) . As shown in Fig. 1D , the ASD antibodies clearly detected synthetic ASPDs bound on mature rat hippocampal neurons (see "Experimental Procedures") when the neurons were briefly treated with the 158 -669-kDa ASPDs and fixed under mild conditions, but they did not label neurons treated with the 100-kDa filtrates, which contained monomers and 5-6-nm particles of less than 100 kDa.
The characteristics of the antibodies are summarized in Table  1 . All of these results demonstrate that the ASD antibodies recognize epitopes that are specific to the surface tertiary structure of ASPDs, which differ from that of ADDLs, A11-positive prefibrillar oligomers, and fibrils.
ASPD-specific Antibody-stained AD Brain-To elucidate whether synthetic ASPD-like assemblies are present in vivo, brain sections of patients with clinico-pathologically confirmed AD (41) (n ϭ 10; age 80.4 Ϯ 9.2 years, brain weight 964 Ϯ 82 g, disease duration 10.1 Ϯ 5.5 years) and those of NCI people (n ϭ 7; age 71.3 Ϯ 15.2 years, brain weight 1226 Ϯ 96 g) were immunostained with ASD antibodies. The reactivity of the ASD antibodies in AD patients was strongly associated with brain regions where prominent neurodegeneration had occurred (e.g. temporal cortex, frontal cortex, and hippocampus) ( Fig. 2A and  supplemental Fig. S2 ) but was rarely observed in NCI brains (data not shown). This immunoreactivity in AD brains was associated mainly with plaques and occasionally with neurites and some microvessels and was eliminated by prior treatment of the ASD antibodies with the 158 -669-kDa ASPDs (data not shown).
We next compared the reactivity to plaques under various conditions between the ASD antibodies and anti-pan A␤ antibodies, the most widely used antibodies for detecting fibrils in plaques. Although anti-pan A␤ antibodies labeled plaques only in formalin-fixed paraffin sections after pretreatments such as microwaving or formic acid, ASD antibody-specific reactivity was observed most strongly in cryosections and more weakly in formalin-fixed paraffin sections with or without pretreatments (except that haASD1 is available only for cryosections) ( Fig.  2A) . This difference in immunoreactivity to plaques suggested that anti-pan A␤ antibodies and ASD antibodies detect different structures in plaques; anti-pan A␤ antibodies detect fibrils when buried epitopes are exposed by protein-denaturing treatments, whereas ASD antibodies are considered to detect tertiary structure-dependent epitopes on putative human ASPD counterparts under conditions where the native structure of proteins is preserved. To confirm this, we performed biochemical fractionation of AD brains and examined whether these antibodies reacted with insoluble or soluble fractions. Consistent with previous data that fibrils include an insoluble core of plaques (42), anti-pan A␤ antibodies reacted mainly (Ͼ85%) 
The binding of these antibodies to synthetic-ASPDs was most strongly inhibited by N-terminal pentapeptides of A␤. In addition, the binding was also inhibited by specific sets of non-N-terminal pentapeptides. The data suggest that different A␤ regions exist in close proximity to form the ASPD-specific epitope. b The binding of haASD1 to synthetic-ASPDs was not inhibited by the addition of any pentapeptide, suggesting that haASD1 recognizes a nonlinear epitope formed by noncontiguous A␤ regions. c For 6E10 and 82E1, which did not discriminate ASPDs from other types of A␤, complete inhibition was attained with a single pentapeptide in each case. d ND means not determined.
with insoluble fractions of AD brains extracted with SDS or formic acid (supplemental Fig. S3A ). Furthermore, this insoluble fraction produced broad smears in Western blots of A␤, as is usually observed with fibrils (42) (supplemental Fig. S3B ). In contrast, the ASD antibodies reacted only with soluble fractions of AD brains (supplemental Fig. S3A ) in which the human ASPD counterpart was actually present, as described below (see under "Isolation of Native ASPD from Brains of AD Patients"). These results collectively indicate that the ASD antibodies detect a human ASPD counterpart, namely native ASPD, associated with plaques and neurites in AD brains. In subsequent work, we used monoclonal mASD3 and haASD1 for isolating ASPDs, because of their high affinity, and polyclonal rpASD1 for detecting ASPDs (except Fig. 3A ; see also "Immunoprecipitations" under "Experimental Procedures").
Isolation of Native ASPD from Brains of AD Patients-The tissue fractionation study revealed that native ASPDs are recovered in soluble fractions of AD brains. To investigate the amount of native ASPD, we prepared soluble fractions of AD brains (n ϭ 7; age 85.6 Ϯ 3.1 years, brain weight 1025 Ϯ 104 g) and NCI (n ϭ 5; age 72.6 Ϯ 9.5 years, brain weight 1236 Ϯ 64 g) by means of a nondenaturing procedure using solutions of physiologic ionic strength and pH without detergents. We then obtained 100-kDa retentates of the soluble fractions to concentrate native ASPDs (larger than 100 kDa) and to eliminate other A␤ assemblies smaller than 100 kDa (as performed in Fig. 1A) . The 100-kDa retentates of AD brains thus obtained had high levels of rpASD1-reactive substances, but those of NCI brains had very low or negligible reactivity (Fig. 2B) . Consistent with the above data, much higher numbers of spheres sized 10 -15 nm were present in 100-kDa retentates of AD patients than in those of NCI (Fig. 2, D and E) . These results suggest that rpASD1-reactive 10 -15-nm spheres in 100-kDa retentates of AD are native ASPD candidates. We then immunoisolated native ASPDs (Fig. 2F ) from large amounts of AD-derived 100-kDa retentates using two monoclonal antibodies, haASD1 and mASD3 (Fig. 2, G-J) . These antibodies were chosen for their extremely high affinity for ASPD (K d Ͻ 10 Ϫ12 M) and for their FIGURE 2. Isolation of native ASPDs. A, AD brains were stained with rpASD1 (5 g/ml) or anti-A␤1-42 C-terminal antibody (0.5 g/ml; 2 g/ml for cryosections). B and C, dot blotting of 100-kDa retentates (Ͼ100 kDa) of AD or NCI brain extracts (1 g of soluble extracts/dot) using rpASD1 (Scheffé post hoc test; **, p ϭ 0.0011; *, p ϭ 0.0388). Fr, frontal cortex; Oc, occipital cortex. D and E, TEM images (D) and particle analysis of 100-kDa retentates (n ϭ 3; 10 randomly selected fields) (E). F and G, method for immunoprecipitation (IP) (F) and dot blotting (using rpASD1) of IP supernatants (sup), wash, and eluate fractions. IPs were performed using haASD1, mASD3, or mouse IgG (G). H and I, TEM images (inset, bar, 10 nm) (H) and particle analysis of IP eluates (n ϭ 3; 15 randomly selected fields, background (a small amount of spheres Ͻ10 nm contained in eluate with buffers)-subtracted data are shown) (I) recognition of different epitopes (Table 1) . Judging from the results of quantification of dot blots using rpASD1 (Fig. 2G) , we obtained about 43 pmol of native ASPDs (expressed as A␤ monomer concentration) from 1 g of AD brain tissues (n ϭ 6). The rpASD1 reactivity in the IP eluates was considered to be mostly due to the 10 -15-nm spheres, because the number of spheres counted by TEM (Fig. 2H ) (1.0 ϫ 10 10 10 -15-nm sphere/l estimated from the number of spheres in Fig. 2K , n ϭ 6) was very similar to the amount of rpASD1-reactive ASPD obtained from dot blots (1.1 ϫ 10 10 native ASPD/l based on the ASPD concentration in Fig. 2K, n ϭ 8) . This means that rpASD1-reactive 10 -15-nm spheres were selectively isolated by a combination of 100-kDa retention and IP. Indeed, as shown by the TEM data (Fig. 2H) , the non-ASPD small-sized spheres (Ͻ10 nm) that had been present in large amounts in 100-kDa retentates of AD and NCI were largely eliminated by the IP procedure (compare Fig. 2, I with E) . Accordingly, we successfully isolated native ASPDs, consisting of 10 -15-nm spheres (Ͼ95%; Fig. 2, H and I) , from 100-kDa retentates of AD. In contrast, native ASPD-like assemblies were scarcely detected in IP eluates from 100-kDa retentates of NCI (Fig. 2, G and K) . We next examined whether native ASPDs consisted of A␤. Mass spectrometric analysis showed that singly charged ions corresponding to A␤-(1-42) and A␤-(1-40) were detected in native ASPDs (Fig. 2J) . These results collectively demonstrate that 10 -15-nm spherical A␤ assemblies isolated from AD brains are native ASPDs. Notably, anti-pan A␤ 6E10 could not immunoisolate native ASPDs (data not shown), probably because of its weak affinity for ASPDs (K d Ϸ 10 Ϫ9 M) compared with ASD antibodies (K d Ͻ 10 Ϫ12 M) ( Table 1) . We also confirmed that anti-pan oligomer A11 antibody failed to detect native ASPDs (supplemental Fig. S4 ).
Having isolated native ASPDs selectively from human AD brains, we next examined whether they elicited neurodegeneration of rat primary neuronal cells. Surprisingly, AD-derived native ASPDs were even more toxic than synthetic ASPDs (Fig.  2K) . These results collectively demonstrate that we have newly isolated A11-negative, high mass assemblies that cause neuronal cell death and that differ in mass and surface tertiary structure from other reported nonfibrillar A␤ assemblies.
Native ASPD Amount Correlates with the Pathologic Severity of AD-We next examined whether the amount of native ASPD correlated with the pathologic severity of AD brains. Larger amounts of native ASPD were present in AD patients with severe pathology (diagnosed "C" according to the CERAD criteria (43)) than in AD patients with moderate pathology (diagnosed "B") (Fig. 2C) . Furthermore, in AD patients with severe pathology, significantly higher amounts of native ASPD were detected in the frontal or temporal cortices (7.2 Ϯ 1.5 nmol/g brain tissue, n ϭ 3, Scheffé post hoc test p ϭ 0.0012) than in the cerebellum (0.14 Ϯ 0.1 nmol/g brain tissue). The result is consistent with previous findings that the cerebellum in AD is pathologically less affected (44, 45) .
The above observations suggest the involvement of native ASPDs in neurodegeneration of AD brains. We therefore examined brains of patients suffering from DLB, the second most frequent cause of cognitive decline associated with neurodegeneration in the elderly (46, 47) , because the majority of DLB brains have been shown to have AD-type pathology, including plaques (46 -48) . Interestingly, native ASPDs were also isolated from DLB brains (Fig. 3, A-C) .
AD-derived Native ASPDs Cause Severe Degeneration of Human Neuronal Cells-To further elucidate the relationship between neuronal loss and native ASPDs, we first examined whether native ASPDs induce degeneration of human mature neuronal cells. Because studies using human primary neurons are problematic for ethical and practical reasons, cells with neuronal properties were induced from human bone marrow stromal cells (MSCs) (49) . Initially, postmitotic neuronal cells were induced from human MSCs (Ͼ95% were neuron-specific MAP2ab-positive cells without glia) (49) . Treatment of these cells with glial cell line-derived neurotrophic factor promoted their maturation into functional neuronal cells (49) . We found that a 2-day treatment of the human MSC-derived functional neuronal cells with isolated native ASPDs caused severe degeneration, whereas IP eluates from NCI brains had no effect (Fig. 4A) . In addition, pretreatment with mASD3 antibody (100 g/ml) significantly blocked this toxicity (Fig. 4A) , as observed in the case of the 158 -669-kDa ASPDs (supplemental Fig. S5A ), dem-FIGURE 3. Native ASPDs exist in DLB brains. A, immunostaining using mASD3 (2.5 g/ml) and anti-A␤8 -17 (pretreated with formic acid; 1:100; DAKO). B, IP was performed with haASD1 or mouse IgG as in Fig. 2F using 100-kDa retentates (4 g of soluble brain extracts/IP). Dot blotting (0.04 g/ml rpASD1) of 100-kDa retentates (2 g of soluble brain extracts/dot), IP supernatants (sup), wash, and eluate is shown. C, representative MALDI-TOF/MS data. Fig. 1D . Punctate labeling was found primarily on neurites and surrounding cell bodies of neurons treated with native or synthetic ASPDs, but it was hardly detectable in neurons treated with the NCI retentates. A representative high power view is shown in the inset (B; bar, 5 m). Neurons were co-stained with an antibody against anti-MAP2 in B, against a postsynaptic marker PSD-95 in C (upper panels), or against a presynaptic marker bassoon in C (lower panels). Z-stack images are shown (except lower panels in C) as in Fig. 1D . Bound ASPDs did not co-localize with PSD-95 but were concentrated with bassoon (white arrows in C), although they were occasionally localized in close proximity to PSD-95 (blue arrows in C). D, mature rat hippocampal neurons (21 DIV) were treated with 1 M 158 -669-kDa ASPDs for 2 days, with or without pretreatment (100 g/ml mASD3 for 2 h; competitive (APV) or uncompetitive (MK801) NMDA-R antagonists ( onstrating that the observed neuronal cell death was caused by native ASPDs.
We then examined whether native ASPDs bind mature rat hippocampal neurons, as is observed in the case of synthetic ASPDs (Fig. 1D and supplemental Fig. S5B ). Binding of AD-derived native ASPDs to 24-DIV mature rat hippocampal neurons was detected with rpASD1 most intensely in neurites and also to some extent in cell bodies (Fig. 4B) . These results suggest that, despite the difference in dose dependence of neurotoxicity (Figs. 2K and 4A ), native and synthetic ASPDs share essentially the same mechanism of neurotoxicity, i.e. they have the same surface tertiary structure that is responsible for exerting the toxicity. We speculate that the apparent difference in dose dependence might be attributed to differences in molecular compositions, but testing this idea will require further analyses using large amounts of isolated native ASPDs.
Mode of Native ASPD Neurotoxicity Is Different from That of Other Reported A␤ Assemblies-The above results (Fig. 4, A and  B) show that native ASPDs cause neuronal cell death, possibly by binding to neuronal cell surfaces. We therefore examined ASPD-binding sites on mature neurons to elucidate the molecular basis of native ASPD neurotoxicity. As shown in the high power images in Fig. 4B (inset) , bound native ASPDs appeared to protrude from the MAP2 staining of dendrites. Essentially the same results were obtained with the binding of synthetic ASPDs (supplemental Fig. S5B (inset) ). Because of the limited availability of native ASPDs, we employed synthetic ASPDs for further analysis, as synthetic and native ASPDs share essential properties. Consistent with the above observation, the binding of synthetic ASPDs did not co-localize with a postsynaptic marker, PSD-95 (Fig. 4C, upper panel) , although it was occasionally detected in close proximity to PSD-95 (blue arrows in C). Instead, ASPD-binding sites appeared to be concentrated at presynaptic sites stained by the antibody against a presynaptic marker, bassoon (white arrows in Fig. 4C, lower panel) .
Although previous studies using cell or slice culture systems have found that A␤ assemblies such as dimers, ADDLs and A␤Os bind postsynapses and depend on postsynaptic signaling mechanisms for exerting synaptotoxicity (23) , the presynaptic binding of ASPDs apparent in Fig. 4B suggests that ASPD neurotoxicity would not require postsynaptic signaling mechanisms such as the N-methyl-D-aspartate glutamate receptor (NMDA-R) pathway. Indeed, neither a competitive (APV) nor an uncompetitive (MK801) NMDA-R antagonist inhibited synthetic ASPD-induced neurodegeneration (Fig. 4D ). As noted above, native and synthetic ASPDs share the common surface tertiary structure responsible for exerting the toxicity. Therefore, the findings obtained with synthetic ASPDs (Fig. 4, C and D) strongly suggest that native ASPDs cause neuronal cell death through presynaptic target(s) on mature neurons. Furthermore, these observations are consistent with the findings indicating that native ASPDs have a distinct surface tertiary structure from other reported A␤ assemblies and support the hypothesis that native ASPDs have a different target(s) from other A␤ assemblies.
DISCUSSION
A␤ assemblies are considered to acquire surface tertiary structures that are not present in physiologic A␤ monomers and that induce synaptic impairment and neuronal loss through interactions with neuronal cells. Therefore, as recently suggested (12) , it is reasonable to classify seemingly different A␤ assemblies in terms of their immunoreactivity to antibodies that recognize particular surface tertiary structure. Because the surface tertiary structure mediates the binding of A␤ assemblies to their target(s) and is therefore responsible for exerting the toxic effects, A␤ assemblies having distinct surface tertiary structures are likely to have distinct mechanisms of neurotoxicity and may contribute differently to the disease development. Here we have demonstrated the existence of patient-derived native ASPDs by selectively immunoisolating them from AD and DLB brains (Figs. 2 and 3 ) using ASPD tertiary structuredependent antibodies ( Fig. 1 and Table 1 ). The native ASPDs (Ͼ100 kDa) thus obtained are larger in mass than AD-derived A␤ dimers and other reported assemblies such as 12-mers (53ϳ60 kDa; ADDLs, globulomer, A␤*56) or A␤Os (ϳ90 kDa) (supplemental Table S1 ). More importantly, native ASPDs are considered to have a distinct surface tertiary structure from those other assemblies because they differ in immunospecificity, as illustrated by the fact that ASPD tertiary structure-dependent antibodies showed minimal reactivity with the 100-kDa filtrate containing monomers and dimers (Fig. 1A) or with ADDLs (supplemental Fig. S1A ) (16) in dot blots. Additionally, anti-pan oligomer A11 antibody (22) recognized A␤Os but not synthetic ASPDs (Fig. 1B) or native ASPDs (supplemental Fig.  S4 ). Finally, anti-A␤ N-terminal antibodies such as 82E1 blocked the synaptotoxicity of AD-derived dimers (30) but failed to block synthetic ASPD-induced neurodegeneration (supplemental Fig. S5A ). These results all indicate a difference in the surface tertiary structure between these assemblies and ASPDs.
As for the cellular basis of the A␤-induced synaptic changes, previous studies have suggested the involvement of postsynaptic signaling mechanisms (23) . For example, the binding of ADDLs and A␤Os has been reported to co-localize with PSD-95 (19, 23) . As expected from the postsynaptic locale of their binding, ADDLs bind close to or at NMDA-R (23), and NMDA-R antagonists inhibit ADDL-induced dendritic changes (23) , reactive oxygen species formation (50), and insulin receptor impairment (51) . NMDA-R antagonists have also been reported to inhibit A␤ dimer-induced synaptic loss (24, 30) . Interestingly, cellular prion protein, which interacts with NMDA-R (52), has recently been reported to serve as a high affinity postsynaptic receptor mediating ADDL-induced synaptic dysfunction (53) . Taken together, these studies are consistent with the idea that A␤ dimers, ADDLs, and A␤Os perturb postsynaptic transmission (19, 23, 30) .
We found that, unlike the above A␤ assemblies, ASPDs bind presynaptic target(s) on neurons to induce neurodegeneration (Fig. 4, A-C) . This may be reasonable in view of the distinct ASPD surface tertiary structure. Although the actual targets of native ASPDs remain to be elucidated, native ASPDs seem to affect mature neuron-specific molecules or cellular pathways, as synthetic ASPD-induced neurotoxicity appeared to be confined to neurons, being especially active toward mature neurons, but sparing non-neuronal cells and immature neurons (supplemental Fig. S6, A-C) . Together, the findings indicate that native ASPDs are patient-derived, A11-negative, high mass A␤ assemblies with a distinct toxic surface that binds presynaptic target(s) on mature neurons, leading to neuronal loss (supplemental Table S1 ). Although further studies are required to reveal how native ASPDs exert neurotoxicity in the brains of patients with AD, our findings indicate for the first time that presynaptic signaling mechanisms may play a critical role in A␤-induced neurodegeneration in AD.
Recent in vivo as well as in vitro studies support the toxicity of nonfibrillar A␤ assemblies and their possible causative roles in the neuropathology of AD (54 -56) , which is consistent with the dissociation between fibril load and cognitive decline in patients with AD (32, 57, 58) . Thus, A␤ assemblies other than fibrils have been considered to be the preferred therapeutic targets for AD (54) . However, the nature of the A␤ species and the oligomer state responsible for the pathogenesis remain controversial because of the heterogeneity of A␤ assemblies in terms of A␤ species and oligomer size. It is also unknown how A␤ monomers assemble into oligomers in living human brains. Nevertheless, previous in vitro studies have shown that A␤ monomers develop into a variety of assemblies that might represent distinct structural variants (10 -13) . These studies suggest that assembly may not be a linear process but may be the result of a series of multiple processes involving intermediates from side paths. Taking all the results together, it seems reasonable to assume that the brains of patients with AD contain distinct types of A␤ assemblies with different surface tertiary structures that may play different roles in AD development. Therefore, identification and characterization of all types of A␤ assemblies actually present in brains from humans with AD will be important for understanding the molecular mechanisms underlying the AD progression from the initial step to the symptomatic phase and for the development of therapies based on this understanding. Fractionation studies using oligomer tertiary structure-dependent antibodies as shown here will help to elucidate the assembly process and to determine the A␤ assembly state causing the pathogenesis. We have isolated native ASPDs that cause degeneration of mature human neuronal cells in vitro (Fig. 4A) and have shown that the amount of native ASPD is correlated with the pathologic severity of clinically proven AD cases (Fig. 2C) .
These findings suggest that native ASPDs might be a candidate for A␤ assemblies that directly cause neuronal loss in the brains of humans with AD. However, it remains to be elucidated whether or not ASPDs play a particular role in the onset or early stage of disease development. Braak and coworkers (59) have compared the expansion of A␤ pathology in whole brain regions between AD cases and nondemented cases with or without A␤-related pathology. They found that patients with clinically proven AD exhibit late A␤ stages, although the nondemented cases with AD-related pathology show early A␤ stages. Their findings suggest that AD brains develop pathologic A␤ deposition before clinical symptoms become apparent, and this may start much earlier in nondemented patients with AD-related A␤ pathology. Quantitative studies, with the assistance of clinicians, on the brains of people in different A␤ stages, including nondemented people with AD-related A␤ pathology, will be helpful to elucidate if ASPDs play a role in neuronal loss in AD from the early stage of disease development.
Analyses on brains of APP-transgenic mice with or without neuronal loss would also help to elucidate the relationship between ASPDs and neuronal loss. Although the strain does not show neuronal loss, we examined Tg2576 mice, the most widely used AD-model mice carrying the human Swedish APP mutant (60) , by means of immunohistochemistry and IP. ASPD-like assemblies were only minimally detected in the cerebral cortex of Tg2576 mice (supplemental Fig. S7, A and B) ;: they were not detected up to 14 months and only a very small amount (ϳ0.01 nmol/mg extracts) was detected at 23 months. As previously reported (18, 61) , other A␤ assemblies such as dimers and A␤*56 were increased in Tg2576 mice, and total A␤ reached levels comparable with those in human AD (supplemental Fig. S7C ). With respect to mice with neuronal loss, in addition to certain APP transgenic mice (28, 29) , there is a growing number of other AD-model mice, which have been produced by combining APP mutations with either presenilin-1 mutations (62, 63), Tau protein mutations (64), or nitricoxide synthase knock-out (65) . It should be noted that the mouse is not a perfect model of human AD, but these mice are considered to more closely resemble what occurs in the human brains. Therefore, further analysis to examine whether ASPDlike assemblies are present in these mice, which do show massive neuronal loss, will contribute to establish the relationship between neuronal loss and ASPDs.
In addition to the above, we are currently seeking to establish a direct link between native ASPDs and neuronal loss in brains from humans with AD by searching for the toxic target(s) of ASPDs on mature neurons. The identification of native ASPDs and availability of the toxicity-neutralizing antibodies should facilitate a mechanistic understanding of the cellular basis of neuronal cell loss in AD, as well as the development of therapies based on this understanding. 
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